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DNA viruses which persist indefinitely within their host must have the capacity to evade the immune system. Herpesviruses, for example, are subtly immunosuppressive in spite of eliciting an effective cell-mediated response (21) . The net effect is a virus infection which is controlled but not completely eliminated. Active infections ensue once cell-mediated immunity wanes. Two major mechanisms for immune evasion by DNA viruses have been identified. First, virus-encoded proteins interfere with cytokine-mediated lymphocyte activation and antiviral activity. For example, Epstein-Barr virus encodes a protein with interleukin-10 (IL-10) activity, a known suppressor of T-helper lymphocyte function (20) . Poxviruses encode a secreted IL-1 receptor which neutralizes the activity of this accessory molecule for lymphocyte activation (1, 24) . The adenovirus type 2 E3 gene product suppresses tumor necrosis factor alpha-mediated cell killing and antiviral activity (28) .
A second mechanism for immune evasion is down-regulation of major histocompatibility complex (MHC) class I molecules, required for target recognition by cytotoxic T lymphocytes (CTL) (30) . Adenoviruses (10, 28) , herpes simplex virus (13) , and human (3, 4, 5, 29) and murine (6, 8) cytomegaloviruses all suppress expression of MHC class I molecules on the surface of infected cells.
Murine cytomegalovirus (MCMV) infection inhibits in vivo priming of both T-helper lymphocytes and CTL (7, 22) . This is likely due to the ability of the virus to regulate events in antigen processing and/or presentation (6, 9). MCMV-induced interference with antigen presentation may be explained, at least in part, by the ability of the virus to down-regulate surface expression of MHC class I molecules (6, 8) . We therefore studied the effects of MCMV infection on the synthesis, accumulation, degradation, and transport of intracellular MHC class I. The results indicate that MCMV infection down-regulates synthesis of both H-2Kb and H-2Db and slows considerably the rates of accumulation and maturation of these molecules within the infected cell.
MATERIALS AND METHODS
Cells and virus. The source and maintenance of the simian virus 40 (SV40)-transformed C57BL/6 (H-2b) fibroblasts have been described (7) . Hybridoma Y-3 cells were kindly provided by James K. Sheil (West Virginia University) and propagated in RPMI 1640 medium containing 10% fetal calf serum and 10 -5 M beta-mercaptoethanol. Stocks of Smith strain MCMV were prepared from salivary glands as described previously (7) Immunoprecipitations. Immunoprecipitations were performed as described previously (14) except that immune complexes were washed three times with radioimmunoprecipitation assay (RIPA) buffer and subjected to electrophoresis on 12.5% polyacrylamide gels. In all cases, precipitations were performed with equal volumes of cell lysates from equal cell numbers. Proteins were immunoprecipitated with the indicated control, anti-H-2b, or anti-SV40 T-antigen antibodies described above. A quantitative estimate of the intensity of radiolabeled proteins visualized by autoradiography was determined by two-dimensional densitometry scanning (LKB Ultroscan XL Enhanced Laser Densitometer) and expressed as a volume (absorbance units per mm2).
RESULTS
Previous reports by ourselves (6) and others (8, 9) indicated that an MCMV early-gene product(s) was responsible for alterations in antigen presentation and suppression of cell surface MHC class I expression. Experiments were therefore designed to compare the amounts of intracellular MHC class I heavy chains in mock-infected cells and those infected with MCMV during early times. Immunoprecipitation with conformation-independent antibodies allowed detection of newly synthesized free heavy-chain molecules independently of their complex formation with peptide and beta-2 microglobulin (p2m). The results in Fig. I demonstrate two significant alterations in MHC class I expression during the early phases of MCMV infection of fibroblasts. (i) There was a decrease in the overall quantity of MHC class I heavy chains expressed. For H-2Kh, a significant reduction in the 46-kDa heavy chain was clearly observed when either Y-3, the conformation-dependent antibody (Fig. 1, lanes 5 and 6) , or anti-peptide 8, the conformation-independent antibody (Fig. 1, lanes 7 and 8) , was used for immunoprecipitation. The reduction in H-2Db (Fig. 1, lanes 3  and 4) was less dramatic but was twofold, as determined by scanning densitometry (data not shown). (ii) There was a conspicuous lack of the higher-molecular-weight, fully glycosylated forms of the H-2Db and H-2K b heavy chains after MCMV infection. The predominance of the lower-molecularweight form indicates a block in glycosylation of the heavy chains to the fully mature form with complex oligosaccharide side chains. In contrast to the differences in class I expression, there was no difference in the amounts of SV40 large T antigen (96-kDa doublet) and p53 between mock-and MCMV-infected cells (Fig. 1, lanes 9 and 10) . The data in Fig. 2 indicate that MCMV infection retards the transport of H-2Db from the ER/cis-Golgi to the medial Golgi.
In mock-infected cells, endo H resistance was largely achieved by 4 h postchase (Fig. 2, lanes 9 and 10) . At this time, MCMV-infected cells still expressed a significant amount of the endo H-sensitive form of H-2Db (Fig. 2, lanes 11 and 12) . however, of the less mature, lower-molecular-weight form. H-2Kb in MCMV-infected cells appeared to have gained resistance to endo H at the same time as mock-infected cells (2 h postchase; Fig. 2, lanes 5, 6, 7, and 8) . However, the fully glycosylated, higher-molecular-weight form of this molecule was never prominent as it was in mock-infected cells (Fig. 2 , compare lanes 8 and 12 with lanes 6 and 10, respectively). These data are consistent with an MCMV-induced defect in class I heavy-chain maturation. Clearly, MCMV infection retards the transport of H-2Db from the ER to the medial Golgi. The virus also prevents maturation of H-2Kb, but whether the block is in transport beyond the cis-Golgi or in oligosaccharide side chain formation cannot be determined at this time.
Effects of MCMV infection on synthesis of MHC class I. After obtaining the results shown in Fig. 1 , we assessed the effects of MCMV infection on synthesis of H-2Kb and H-2Db by pulse-chase experiments. Because the immunoprecipitating antibodies were conformation independent, this assay reflected the fate of newly synthesized, free heavy chains. The data in Fig. 3 demonstrate the dramatic shutdown in synthesis of both H-2Kb and H-2Db after virus infection. The heavy-chain bands from mock-infected cells were easily detected after a 10-min labeling period. The independent rate of transport of H-2Kb and H-2Db within the cell agrees with that reported previously for H-2Kk and H-2Dk (27) . In contrast to mock-infected cells, bands from MCMV-infected cells were barely evident, even after prolonged exposure of the autoradiographs. This is the first demonstration that cytomegalovirus infection down-regulates synthesis of MHC class I molecules.
Synthesis of MHC class I molecules in gamma interferontreated cells. Our previous studies (6) and those of Del Val et al. (8) showed that MCMV infection down-regulates cell surface expression of H-2Kb, H-2Db, and 32m. This defect in surface expression can be overcome by treatment of infected cells with gamma interferon (6) . This cytokine is known to enhance class I assembly and transport (16) . Furthermore, there are interferon response elements in the promoters of several H-2 genes (15) . We therefore repeated the above experiment in the continuous presence of gamma interferon to determine whether the cytokine could overcome the defect in synthesis of class I molecules. Gamma interferon treatment does not inhibit MCMV early-gene expression (19) . The data in Fig. 4 indicate that gamma interferon treatment does not restore synthesis of class I molecules to the levels found in mock-infected cells.
Rate of accumulation of MHC class I molecules in MCMVinfected cells. The data in Fig. 1 through 4 continuous radiolabeling, and the levels of H-2Kh and H-2Db molecules were analyzed by immunoprecipitation. The data in Fig. 5 and 6 reveal that the initial rates of accumulation of both class I molecules are significantly retarded by MCMV infection. It is important to note that MCMV infection did not alter the rate of methionine incorporation into trichloroacetic acidprecipitable cell protein during the time of radiolabeling (data not shown).
Stability of MHC class I molecules in MCMV-infected cells. The above results on MHC class I accumulation could be explained by the decrease in class I synthesis after MCMV infection. Infection could, however, also alter the stability of the heavy chain within the infected cell (4). Therefore, we examined the effects of MCMV infection on the rate of degradation of H-2Kb and H-2D1. Cells were radiolabeled for 2 h and then chased for the indicated times. The results in Fig.  7 and 8 indicate that MCMV infection does not significantly alter the rate of degradation of the two heavy-chain molecules. These figures, as well as Fig. 5 and 6 , also reveal the consistent lack of maturation of the heavy chains as a result of MCMV infection.
DISCUSSION
Several laboratories have reported a decrease in expression of MHC class I in cytomegalovirus-infected cells (4, 5, 6, 8 (6) . The differential effects of gamma interferon on class I synthesis and surface expression may be explained by two independent observations indicating that gamma interferon enhances trans- port of MHC class I molecules in MCMV-infected cells. First, Koszinowski reported that interferon gamma partially overcomes the MCMV early block in class I transport (18) . Second, when we repeated the experiment shown in Fig. 1 with gamma interferon treatment throughout virus infection, we observed a more prominent, higher-molecular-weight, mature form of the heavy chains than those shown in Fig. 1 (unpublished (27) . The rate of transport may be related to differences in the alpha 1 or alpha 2 domain of the molecules (2, 12) . Adenovirus type 2 has also been reported to have differential effects on H-2Kb and H-2Db expression (25) .
How MCMV down-regulates class I synthesis is currently being investigated. The effects of the virus on class I synthesis are selective. Expression of both SV40 T antigen and p53 and incorporation of methionine into total cell protein were unaffected by MCMV infection in this study and a previous report (6) . It is possible that an MCMV gene product(s) inhibits transcription and/or translation of class I molecules, much like adenovirus type 12 ElA (10) . Preliminary data from our laboratory indicate that steady-state levels of H-2Kb and H-2Db polyadenylated mRNA are decreased after MCMV infection. Current studies aim to further characterize the effect of this virus on RNA expression.
It is possible that the down-regulation of MHC class I expression in MCMV-infected cells is solely responsible for the defect in presentation of antigens to class I-restricted CTL. A virus-induced block in class I transport as well as inhibition in class I synthesis may favor competition among peptides for presentation to CTL. However, it is equally plausible that suppression of MHC class I expression is necessary but not sufficient and that additional perturbations by CMV infection collectively result in altered antigen presentation. For example, it has been reported that MHC class I-restricted presentation of HCMV protein IE72 is inhibited by an HCMV early-gene product, pp65 (11) . Future studies are therefore aimed at delineating the role of various MCMV gene products in regulating MHC expression and antigen presentation.
